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Abstract

The effects of a forward-swept front rotor on the

flowfield of a counterrotation model propeller at

takeoff conditions at zero degree angle of attack.are

studied by solving the unsteady three-dimensional

Euler equations. The configuration considered is
an uneven blade count counterrotation model with

twelve forward-swept blades on the fore rotor and

ten aft-swept blades on the aft rotor. The flowfield

is compared with that of a reference aft-swept coun-

terrotation geometry and Laser Doppler Velocime-

ter (LDV) measurements. At the operating condi-
tions considered, the forward- swept blade experi-

ences a higher tip loading and produces a stronger
tip vortex compared to the aft-swept blade, con-
sistent with the LDV and acoustic measurements.

Neither the soluti .an nor the LDV data indicated

the formation of a leading edge vortex. The pre-
dicted radial distribution of the circumferentially

averaged axial velocity at the measurement station

agreed very closely with LDV data, while crossflow

velocities showed poor agreement. The discrepancy

between prediction and LDV data of tangential and

radial velocities is due in part to the insufficient

mesh resolution in the region between the rotors

and in the tip region to track the tip vortex. The

vortex is diffused by the time it arrives at the mea-

surement station. The uneven blade count config-

uration requires the solution to be carried out for

six blade passages of the fore rotor and five pas-

sages of the aft rotor, thus making grid refinement

prohibitive.

Introduction

Advanced counterrotation propellers have been

"This paper is declared a work of the U.S. Government

and is not subject to copyright protection in the United

States

shown to offerfuelsavingsofabout ten percentover

the singlerotationpropellers.The improved fuelef-

ficiencystems from the recovery ofthe swirllossof

the frontrotorby the rear rotor.However, the in-

teractionofthe flowfieldsofthe rotorsof the coun-

terrotationpropellersgenerate more noisethan the

singlerotationpropellers.Furtherimprovements in

fuelefficiencyand noisereduction may resultonly

from a betterunderstanding of the flow featuresof

the counterrotationpropellers.This understanding

may lead to improvements in the design method-

ologiesfor futurecounterrotationconfigurations.

One of the ways of reducing the interaction noise

of the counterrotation propellers is thought to be

the replacement of the conventional aft-swept front

rotor by a forward-swept rotor. 0a a forward-swept

blade, the leading edge vortex, if one exists, would

move inboard away from the tip vortex resulting in
two distinct vortices. This would result in a smaller

blade wake velocity defect in the tip region and a

weaker tip vortex. With the aft-sweep, the leading

edge and tip vortices merge to produce a stronger

tip vortex and a higher velocity defect in the tip

region. A forward-swept rotor arrangement also re-

suits in a larger distance between the tips of the

front and aft blades, allowing for more decay of the

tip vortex and the blade wake in the tip region be-

fore impinging on the rear rotor blade. It is thus

expected that a counterrotation configuration with
a forward-swept front rotor would result in a low
interaction noise.

The effect of forward-sweep was tested by Si-

monich et. al. 1 by installing a stationary vane up-

stream of a rotating propfan. They compared the

flowfields of forward-swept and aft-swept vanes, us-

ing hot-wire and flow visualization data. Acoustic
measurements were used to determine the effect of



wakes on the interaction noise. As expected, the

forward-sweep produced a wake with a small veloc-

ity defect in the tip region and less interaction noise
compared to the aft-sweep.

The flowfield of forward-swept rotating blades

was studied by La_ich et. al2 They employed aft-

swept blades in a forward- swept configuration by

staggering the blades nearly 180 degrees, revers-

ing the leading and trailing edges of the blade.

In this arrangement the maximum leading edge

sweep was 20 degrees at 75 percent blade radius.
Hot-wire measurements, fiow visualization, and to-

tal pressure surveys were made to document the

flow. They found that the forward-swept arrange-

ment produced, as in the forward-swept vane exper-
iment, a more uniform wake flow downstream of the

blade tips compared to that of the aft-swept blade.

However, further inboard, a massive flow separa-

tion from the suction surface of the forward-swept
blades resulted in a wide inboard wake downstream

of each front rotor blade. It was estimated that such

a wide inboard wake would result in more interac-

tion noise. The authors surmised that increasing

the leading edge sweep would allow the formation

of a leading edge vortex and prevent the massive

flow separation.

A counterrotation propeller model with a

forward-swept front rotor was recently tested in the
9' x 15' wind tunnel at NASA Lewis to examine the

effects of forward-sweep on the fiowfield and acous-

tics. The forward-swept rotor had 30 degrees of

leading edge sweep over the outer 40 percent of the

blade span. Laser Doppler Velocimetry (LDV) was
used to measure the rotor wake characteristics of

the forward-swept rotor (Fig. 1) and a reference

aft-swept rotor (Fig. 2). The forward-swept rotor

test matrix, however, was limited to low power due

to problems with the aeromechanical design of the

forward-swept blade. The blade experienced signif-

icant tip twist under load and showed a tendency

to go into incipient flutter at high speeds. LDV
measurements 3 and acoustic measurements 4 were

made at rotational speeds of about 75 percent of

the design speed of the forward-swept blade and

data were compared with the aft-swept reference

counterrotation configuration. The flow measure-

ments showed that contrary to the expectations the

forward-swept blade produced a stronger tip vor-

tex compared to the aft-swept blade. The data did

not indicate any flow separation. The acoustic mea-
surements showed that the fundamental rotor-alone

tones for the forward-swept model were higher than
that of the reference aft-swept model. The interac-

tion tones were also higher, up to 8 dB. The disap-

pointing performance of the forward-swept model

configuration was attributed to its aeromechanical

design problem.

In the present article the flowfield of the above

counterrotation propeller model with a forward-

swept front rotor is studied by solving the unsteady

Euler equations and compared with that of the ref-

erence aft-swept model. The tip vortex, blade load-

ing, velocity distribution, and axial vorticity are ex-

amined. Comparisons are also made with the LDV
measurements.

Numerical Solution of Unsteady, Three-

Dimensional Euler Equations

The unsteady three-dimensional Euler equations

governing the inviscid flow through a counterrota-
tion propeller with uneven blade count are solved

by employing a solution procedure developed by
:]anus and Whitfield s. In this procedure the Eu-

ler equations in conservative differential form are
transformed from a Cartesian reference frame to a

body fitted curvilinear reference frame. The trans-

formed equations are discretized employing a finite

volume technique. An approximate Riemann solver
is used for block interface flux definitions and a

lower-upper (LU) implicit numerical scheme is used

to solve the discretized equations.

The algorithm developed in s uses a selected simi-

larity mapped multiblock method to limit the corn-

puter core memory requirements. Circumferential

and axial partitioning of the computational domain

are usually employed. Axial partitioning is also
referred to as a blade row. For all blocks within

a blade row, the axial, radial, and circumferential

grid indices (ni, nj, and nk respectively) must re-
main constant. The radial index, nj, must remain

constant between blade rows. Although ni and nk

may vary between blade rows, the blade row cir-
cumferential cell count must match.

Flow Configuration and Computational Grid

The counterrotation propeller model considered

in the study is an uneven blade count configura-

tion, F39/A31 with a forward-swept front rotor

(Fig. 1). There were twelve blades in the front
row and ten blades in the rear row. The fiowfield

of an aft-swept reference counterrotation configura-

tion, F31/A31 (Fig. 2) was also solved for compar-



ison.Thefrontrotorof thismodelhadtwelveaft-

swept blades. Both configurations had the same aft

rotor (A31) with ten aft-swept blades. The forward
rotor diameter was 26.0 inches while that of the

aft was 24.8 inches. The axial spacing between the

pitch change axes of the two rotors was 7.22 inches

or 27.6 percent of the front rotor diameter. The for-
ward row rotates clockwise and the aft row rotates

counterclockwise as seen from the front. Because

of the uneven blade count, the solution algorithm

requires that six blade passages of the front rotor

and five blade passages of the rear rotor be solved.

It also complicates the solution restart procedure in
that the restart files cannot be written at will, but

only at every 1/2 revolution. These factors restrict

the number of grid points that can be specified to

represent each flow passage while keeping the com-

putational times within practical limits.

The computational domain is divided into two

blade rows. In the frontrow, each blade passage is

represented as one block givingsix blocks of grid.

Each block had 79 x 37 x 16 grid points.The five

blade passages of the aft row were representedby

fiveblocks,each having 73 x 37 x 19 grid points.

Each block was H-type gridin alldirections.In the

circumferentialdirectionthere were 91 grid points

for the six blade passages of the front rotoror for

the fiveblade passages ofthe aftrotor.Each blade

surfaceisrepresented by 36 x 24 (axialby radial)

gridpoints with higher resolutionnear the leading

and trailingedges,-thehub, and the tipformore ac-

curate calculationof blade surfacepressures.The

dynamic blade coordinates,accounting forblade de-

flectionunder aerodynamic loading, were used to

generatethe grid.The distributionofgridpointson

and near the blades isshown inFig. 3 forforward-

swept configurationand in Fig. 4 foraft-sweptref-

erence geometry. All computations reported here

were done on Cray ¥-MP at NASA Lewis.

Results and Discussion

The forward-swept model was testedinthe wind

tunnel with the blade settinganglesof35 degreeson

the forward rotorand 38.2 degreeson the aftrotor,

at 75 percent of the blade tip radii.The advance

ratiosof the forward and aftrotorswere 1.127 and

1.160respectively.The two rotorswere operated at

about 100 rpm differenceto avoid the higher test

rigvibrationexperienced with nearlyequal speeds.

Further detailsof the test,the LDV measurement

system, and the LDV data may be found in4. The

same blade angles as that of the testwere used in

the present computations. The advance ratio of

both the forward and aR rotorswas setto 1.127(to

avoid complex data manipulation and book keep-

ing in generating and using restartfiles)and the

freestream Mach number was 0.2. The computa-

tionsofthe referenceaft-sweptgeometry were done

matching the blade settinganglesand the advance

ratiowith that ofthe forward-swept. All the com-

putationswere done for zero degree angleofattack.

From an impulse start,the unsteady Euler sim-

ulation was run for four complete revolutionsof

the blade to obtain a reasonably accurate solu-

tion. The solutionobtained is analyzed and pre-

sented here. Figure 5a shows the unsteady blade

power coefficientsofthe frontand rearrotorsofthe

forward-swept counterrotationgeometry while Fig.

5b shows that ofthe aft-sweptconfiguration.In ei-

ther case the magnitude of the fluctuationof the

power coefficientof the front rotorissmaller than
that of the rear rotor as would be expected from

the wake interaction.For the forward blade, ten

distinctcyclessuperpased on a low frequency tran-
sientoscillationare observed due to the passage of

ten aftbladesinhalfa revolution.Similarly,the aft

blade experiencestwelve cyclesdue to the passage

oftwelvefrontbladesin that halfrevolution.

The variation of the total power coefficient dur-

ing the four revolutions is shown in Fig. 6a for the

forward-swept configuration and in Fig. 6b for the

reference geometry. The figures show that the so-
lutions have reached the asymptotic steady state.

The computed power coefficient of the forward-

swept fore rotor was underpredicted by 16.7 percent
while that of the aft rotor was overpredicted by 14

percent.

Figure 7 shows the blade loading distribution

along the span for the reference (aft-swept)and

forward-swept geometries. It is seen that the

forward-swept blade design resultsin a higher tip

loadingand eventuallyresultsina strongertip vor-

tex, contrary to the expectations. Similar results

were observed in the experiments3'4and itwas con-

cluded that the excessiveblade (tip)twist under

load was responsible.The chordwise loading distri-

bution isshown at three radialstations,0.18,0.53,

and 0.81 in Fig. 8.Itisseen that,forthe forward-

swept blade,the leadingedge regionishighlyloaded

throughout the span. Also,the trailingedge region

shows a small negative loading. The high loading

in the leading edge region contributesto the tip

loadingobserved inFig. 8. A more uniform and re-



duced loading in the tip region should be produced
for the intended application.

On a forward-swept blade, the leading edge vor-
tex, if one exists, would move away from the tip
resulting in a weak tip vortex. The blade surface
static pressure contours for the two configurations
are shown in Fig. 9. The contours on the suction
surface do not indicate the formation of a leading
edge vortex for the current operating conditions.

(A region with closed contours would distinguish
the vortex from a low pressure region produced by
the flow expansion at the leading edge due to high

incidenceS). No flow separation is evident from the
contours. The LDV measurements 4 showed neither

the existence of a leading edge vortex nor a flow
separation. No leading edge vortex or separation
appears on the reference blade also.

Figure 10 shows the axial velocity (u) contours
and crossflow vectors (vector sum of crossflow veloc-

ities, v and w) just downstream (next grid line) off
trailing edge. The view in this figure and succeed-

ing similar figures is from behind the plane plot-
ted, looking upstream. One quadrant of a complete
rotor fiowfield is illustrated. Formation of tip vor-
tices in both the forward-swept in Fig. 10(a) and
the reference aft-swept geometry in Fig. 10 (b) is
seen from the clockwise swirl of the crossflow veloc-

ity vectors downstream of the blade tips and from

the rapid changes in axial velocity in this region.
It can be observed, that the tip vortex behind the

forward-swept blade is stronger and larger in size
compared to that behind the aft-swept blade. This
is the result of a higher tip loading of the forward-
swept blade.

The axial vorticity contours at the same plane

downstream of the trailing edge are shown in Fig.
11 for the two configurations. This figure reinforces
the statement made above that the forward- swept
blade produces a stronger and larger tip vortex for
the operating conditions and blade setting angles
considered here. The present operating conditions
fall to produce a leading edge vortex as noted above.

Radial distributions of circumferentially averaged

axial, tangential and radial velocities measured us-
ing LDV at an axial station 1.79 inch downstream
of the pitch change axis of the forward-swept rotor
are shown in Fig. 12. Also shown are the veloc-
ities computed from the present Euler simulation,
labeled 'CFD'. The predicted flowfield velocities are
interpolated along the grid tines to the axial loca-

tions of the LDV data. Then they are circumferen-

tially averaged for plots in this figure. The LDV ax-
ial velocity profile shows very close agreement with
that of CFD. The velocity peak in the tip region is
clearly indicated by the prediction. However, the
location of that peak occurs more inboard from the

blade tip in the prediction as compared to the LDV
measurements. This is due to the fast diffusion of

the computed vortex as such and insufficient grid
resolution to track the vortex accurately. LDV mea-

surements show a tightly wound strong vortex (see
below, Fig. 14) resulting in a sharp peak. But the
predicted peak velocity is in very good agreement
with that of the LDV data. The predicted tangen-
tial velocity profile shows a trend similar to that
of the LDV measurement, although the values are

overpredicted. The absence of a well-defined local
peak in the tip region in the prediction is again in
part due to the insufficient grid resolution and dif-
fusion of vortex when it reaches the measurement

location. The radial velocity is severely underpre-
dicted and the profile predicted shows deviation
from the LDV measurements along the entire span
where measurements are available. The reasons for
this are not clear.

Similar comparisons of the predictions with the
LDV data for the aft-swept reference geometry are
shown in Fig. 13. It should be noted that while the

prediction had a blade setting angle of 35 degrees,
the measurements were taken with a blade angle of

38 degrees. Also, note that the measurement is at
an axial station 2.42 inches downstream of the pitch

change axis of the aft-swept blade. The predicted
results do show that the fiowfield behind the aft-

swept blade is characterized by the absence of the

peak in axial and tangential velocity components
in the tip region observed with the forward-swept
blade. The agreement of the predicted axial and
tangential velocities with LDV data may be consid-
ered reasonable. However, the predicted radial ve-
locities are small and completely different from the
LDV data. Such a difference is inexplicable. But it

is interesting to note that the measured radial ve-
locities are nearly the same for the forward-swept

and aft, swept configurations, while they are signif-
icantly different in the predictions.

Figure 14 shows the predicted and measured ax-
ial velocity contours at the measurement station
downstream of the forward-swept rotor. First of
all, the maximum and minimum velocities predicted
are quite different from the measurements due to



insufficient grid resolution in the region. However,
the essential characteristics of the flowfield such as

the blade wake and tip vortex region are reasonably

well represented by the prediction. The predicted

axial vorticity contours shown in Fig. 15 again

show only a qualitative agreement with the mea-

surements. While the measurements show a tightly

wound strong tip vortex, the predictions indicate a

highly diffused weak vortex region. For an aft-swept

configuration with 8 blades each on the front and

rear rotors operating at cruise conditions, Miller

and Podboy _ obtained solutions using the compu-

tational procedure developed by Adarnczyk s. The

even blade count and the steady solution procedure

requires that only one blade passage in each rotor

be solved. They found that a minimum of 40 points

per chord line were required to capture the tip vor-

tex and more than 40 points were needed to resolve

the passage shock. (They used 205 x 61 x 41 grid

points to represent one blade passage in the front

and rear rows). Such a grid refinement is not feasi-

ble with the present uneven blade count configura-

tion and unsteady solution method, since six blade

passages of the front rotor and five blade passages
of the rear rotor are solved.

Concluding Remarks

The effects of a forward-swept front rotor on the

fiowfield of a counterrotation propeller were studied

employing the three-dimensional Euler simulation.
The results were compared with that of the refer-

ence aft-swept configuration and the LDV measure-

ments. The predictions clearly show a higher tip

loading and the resulting stronger tip vortex trail-
ing off the forward-swept blade compared to that of

an aft-swept blade which is in agreement with ob-

servation from the LDV data. The predicted axial

velocities showed reasonable agreement with LDV

data while tangential and radial velocities showed

poor agreement. The tip vortex computed is highly

diffused and weak due to insufficient grid resolution

to track the vortex accurately. Better agreement

with data may be expected with grid refinement,

but computer resource requirements become pro-
hibitive due to uneven blade count configuration.
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Fig. 3 Distribution of points on and near the F39/A31 blades

Fig. 4 Distribution of points on and near the F31/A31 blades
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